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Abstract

The respiratory disease caused by the Coronavirus infectious disease 2019 (COVID19) has spread
rapidly since December 2019 in Wuhan, China. This new strain of Coronavirus is similar to

the SARS Corona virus and has been termed SARS-CoV-2. Both viruses have emerged from

bats and adapted to humans. On March 11, 2020 COVID19 was declared Pandemic by the

WHO and as of May 1, 2020 COVID19 disease continues to grow rapidly with 3,400,595 cases
and 239,583 deaths world-wide. This review describes the biology of SARSCOV2, Detection,
Macrophage-Mediated Pathogenesis and Potential Treatments.
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Introduction

Coronaviruses (CoVs) are large, plus-stranded RNA, enveloped viruses that infect a large
variety of avian and mammals. CoVs have displayed the ability to readily cross species
barriers and this zoonotic transfer has caused three CoVs to recently emerge in the human
population, including the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
that is responsible for the current pandemic. In humans, CoVs (HCoVs) are associated with
upper respiratory tract infections (URTI) which can occasionally spread to the lungs. Four
HCoVs (HCov OC43, NL63, 229E, and HKU1) are globally distributed and associated
with 10 to 30% of all URTIs in adults [1]. Cryo-electron tomography has shown that CoV
particles have a pleomorphic structure, a spherical shape and show a variation in size of
80-120 nm [2]. All CoVs are characterized by having three viral proteins anchored in their
envelopes: the abundant triple-spanning membrane (M) protein, the envelope (E) protein
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(present in small amounts), and the spike (S) protein, which is critical for the viral entry
process [2]. The CoV genome is a linear (+) RNA of approximately 30kb in length packed
in a coiled nucleocapsid. Once inside the cell, the CoV genome employs two differentiated
processes necessary for its replication. The continuous genome replication which results
in multiple copies of genomic RNA strands and the discontinuous process of subgenomic
mMRNA transcription, which produces structural and accessory proteins necessary for viral
assembly [3]. The (+)RNA is initially translated by host cell machinery to produce the
RNA-dependent RNA polymerase (RdRp) which then initiates negative-strand synthesis.
This polymerase is a multi-subunit protein with exonuclease and proofreading functions
which helps the virus maintain viral progeny stability [3].

Severe Acute Respiratory Syndrome (SARS)-CoV-2 was first identified in Wuhan, China
in December 2019 in clusters of patients with pneumonia of unknown etiology [4].

In January 2020 the causative agent of this pathology was determined to be a novel
coronavirus placed in the betacoronavirus genus alongside the emerging coronaviruses of
the century, Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and Middle
East Respiratory Syndrome Coronavirus (MERS-CoV) respectively [5]. As of March 2020
this novel coronavirus received the name of SARS-CoV-2 based on phylogeny, taxonomy
and established practice, the Coronaviridae Study Group of the International Committee
on Taxonomy of Viruses, recognizes this virus as forming a sister clade to SARS-CoV

[5]. According to the daily situation report assessed by the World Health Organization, the
pandemic of SARS- CoV-2 has caused 1, 991, 562 confirmed cases and 130, 885 deaths
worldwide by April 16th 2020.

SARS-CoV was first discovered and reported in November 2002 in Guangdong, China. Its
pathogenesis is characterized by severe lung damage, an elevated innate immune response
and upregulated number of proinflammatory cytokines and chemokines [6]. At the end of
the epidemic, there were more than 8,000 reported cases worldwide and 774 deaths. The
virus was finally contained in September 2003 and no new cases have been reported [7].
Nine years later, in 2012, MERS-CoV was the second coronavirus reported that resulted in
a major threat to global health. Its pathogenesis is dependent on its cellular entry receptor
dipeptidyl peptidase 4 (DPP4) which is widely expressed in the body’s organ tissues.
Therefore, MERS-CoV tissue tropism is broader than that of any other coronavirus known
[8]. This viral infection induces infected immune cells (like macrophages) to secrete a wide
variety of proinflammatory cytokines that causes severe damage in the respiratory tract.

A second MERS-CoV outbreak occurred 2 years later, in 2014, in the Arabian Peninsula,
and cases are still being reported. Since 2012, there have been 2,494 confirmed cases and
858 confirmed deaths. Important to mention, MERS-CoV has a higher death rate than
SARS-CoV and SARS-CoV-2. Nevertheless, what has maintained the virus contained and
feasible to control is its low potential for transmission or (R0) (approximately 1) meaning
that one infected person can infect only one more person [9]. However, SARS-CoV-1 has a
RO of 3 [7] and SARS-CoV-2 has a RO of 3.28 [10].
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Coronavirus in the Environment

Coronaviruses can be found in different birds and mammals. This includes domesticated and
wild animals like dogs, cats, pigs, chicken, rabbits, ferrets, cattle, turkeys, camels, civets,
rats, raccoon dogs, primates, pangolins, and bats [11]. The original animal reservoir source
of SARS-CoV-2 is still unknown. Phylogenetic analyses revealed that the bat Rhinolophus
genus coronavirus has a 96% homology to the current pandemic virus [12]. An intermediary
host is suspected to be the Malaysian pangolin (Manis javanica) with amino acid sequences
resemblance of 91%. Additional studies are required because these results come from an
assembled genome draft of 73% coverage [13]. It must be acknowledged the pangolin as the
potential intermediary because other preprint studies have shown protein gene resemblance
of 100%, 98.2%, 96.7% and 90.4% to E, M, N and S genes, respectively [14]. Adding to this
potential intermediary, both species of mammals are found in the markets of Wuhan where
this pandemic was originated and they have share habitats in nature [15]. A recent study

of animal models of SARS-CoV-2 found that dogs, pigs, chickens, ducks, ferrets and cats
are permissive to the virus [16]. In experimental settings cats could transmit the infection to
other cats while dogs were more resistant to the virus [16]. At present, studies to support that
infection is spreading amongst populations of dogs and cats are lacking. At the current time
there is no evidence of transmission from cats and dogs to humans. Additional research is
needed to find evidence to determine if cats and dogs can transmit SARS-CoV-2 infection to
humans.

Coronavirus Entry into Susceptible Cells

The primary cell host attachment receptor used by SARS-CoV-2 is Angiotensin-converting
enzyme 2 (ACE2) [12,17]. This protein is embedded in cell membranes of many organs and
has two domains, an extracellular which is cleaved from the transmembrane domain. The
extracellular domain is released to the blood and excreted through urine. The main function
of the secreted ACE2 domain is to promote vasodilation by cleaving angiotensin | into
angiotensin 1-9, and angiotensin into angiotensin 1-7 (National Center for Biotechnology
Information (NCBI)). ACE2 can be found in lung type Il alveolar cells, enterocytes of the
small intestine, arterial and venous endothelial cells, and arterial smooth muscle cells in
most organs [18]. By sequencing analyses, different groups have demonstrated the high
similarity of SARS-CoV-2 to SARS-CoV, which leads to the hypothesis of ACE2 as

the entry receptor of SARS-CoV-2, because SARS-CoV uses this receptor [12,19]. The
expression of this receptor in different animal species that are permissive to the virus and

its high expression in lung type Il alveolar cells and the presence on type | pneumocytes,
alveolar macrophages, ciliated and non-ciliated bronchiole epithelial cells present in the
respiratory tract supported this hypothesis [12,20]. This hypothesis was confirmed when two
independent research groups expressed the receptor in cells lacking the ACE2 that were not
permissive to the virus and thereafter became Is susceptible to the virus [12,17]. One of these
two groups confirmed the importance of the receptor for the susceptibility of the cell to the
virus by using ACE2 inhibitors and blocking the viral entry [17].

After binding to its receptor, a fusion of the viral membrane with the endosomal membrane
is required to complete the entry to host cells. The spike protein needs to be cleaved,
which is known as priming 21]. This is performed by host endosomal cysteine proteases
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cathepsin B and L and the transmembrane protease, serine 2 (TMPRSS2) in susceptible cells
[22]. The TMPRSS?2 is indispensable to complete viral entry which led to the hypothesis
that SARS-CoV-2 depends on this protease for entry. Using RNA sequencing a group of
investigators determined that ACE2 and TMPRSS2 RNA were produced only in goblet cells
of the nose, type Il pneumocytes, and one type of enterocytes [23]. Hoffmann, et al. [17]
performed various experiments inhibiting the function of TMPRSS2 with camostat mesylate
and cathepsin B and L with E-64d, and found that using the combination of both compounds
completely inhibited viral entry on the cell lines Caco-2 and Vero-TMPRSS2 [17]. In the
cell lines 293T and Vero viral entry depended on cathepsin completely. They first, blocked
viral entry using only E-64d and then rescued viral entry by using directed expression of
TMPRSS2. Using an in-vitro model of human lung cells treated with camostat mesylate they
concluded that SARS-CoV-2 entry depends on TMPRSS2 expression because the viral entry
was significantly decreased with no cytotoxic effects.

The SARSCoV?2 life cycle is described in Figure 1.

Briefly, 1-SARS-CoV-2 attaches to the host cell surface receptors ACE2 and sialic

acid receptor with its spike protein and hemagglutinin-esterase, respectively. 2-Following
attachment of the spike an endosome is formed and transported to the cytoplasm of the cell
through the endosomal pathway. 3- Inside the endosome the viral spike protein is primed
by endosomal cysteine proteases cathepsin B and L and the serine protease TMPRSS2,

the latter being essential for viral entry. The priming of the spike protein split the spike
protein into subunits S1 and S2. The S1 contains the receptor-binding domain that directly
binds to the peptidase domain (PD) of ACE2 causing 4- envelope fusion with the vesicle
membrane 5- releasing the positive single-stranded viral genome to the host cell cytoplasm.
6-Nucleocapsid proteins detach from the genome uncoating for host ribosome binding. 7-
The genome is translated by host ribosomes at the ORF1a and ORF1b synthesizing the viral
replicase polyproteins. The replicase components are present in two translated polyproteins
ppla and lab 8- which are cleaved by viral proteases and assemble to form the replicase
complex. 9- The replicase which is an RNA dependent RNA polymerase transcribes the
positive-sense genomic RNA into a negative-sense RNA. 10- Using the negative-sense
RNA it starts to polymerize a series of sub-genomic mRNAs by discontinuous transcription
inside double-membrane vesicles. It is believed that these vesicles are derived from the
endoplasmic reticulum and the Golgi apparatus. These sub-genomic RNAs are necessary

to produce different viral polyproteins that are cleaved to generate structural proteins that
will compose the new viral particles. 11- At the same time positive-sense genomic RNA

is polymerized for the new viral particles. 12- The sub-genomic mRNAs are translated

into viral proteins. All the structural proteins are exported to the endoplasmic reticulum
(ER) except for the nucleocapsid proteins that are exported to the cytoplasm. 13- In the
cytoplasm the nucleocapsid proteins link to the positive single- stranded viral RNA recently
replicated to assemble a helical nucleocapsid. 14- At the same time the other viral structural
proteins insert in the endoplasmic reticulum, finish their assembly, and are exported to
ER-Golgi intermediate compartment (ERGIC). 15- In the ERGIC the nucleocapsid binds

to the membrane proteins assembling the virion. 16-The viral particles bud from the Golgi
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and are transported by smooth-walled vesicles from the Golgi apparatus to the host cellular
extracellular membrane where they are 17-released from the cell by exocytosis (Figure 1)
[24-26].

Detection of Infection

Molecular Test

SARS-CoV-2 infection can be identified and diagnosed measuring presence of viral
molecular compounds in patient secretions. A real time Reverse Transcriptase Polymerase
Chain Reaction (rRT-PCR), is a nuclear method that detect the presence of viral RNA [27].
For this assay, a sample of viral infected cells or secretions from patients, TAQ polymerase
(Thermus aquaticus), Reverse Transcriptase (RT) and Primers are needed in order to amplify
RNA from the sample [28]. The viral RNA is commonly obtained by placing a mini-tip
swab through the nostrils until the nasopharynx and left it for several seconds; swab is
removed slowly while rotating to obtain infected cells. In Wyllie, et al. [29] study, they also
tested if saliva sample is more sensitive to detect SARS-CoV-2 than nasopharyngeal swabs.
In the study, it was asked to COVID-19 patients to self-collect saliva sample by repeatedly
spit in a sterile urine cup until a third is full of liquid. Saliva shows more viral load

than nasopharyngeal swabs, being more sensitive to detect respiratory pathogens including
coronaviruses [29]. With further validation, widespread implementation of saliva sampling
could transform public health efforts: saliva self-collection eliminates the need for direct
healthcare worker-patient interaction, a major source of nosocomial infection risk [30].

In the first step for PCR expansion, Primers anneal to complementary zones of sample

RNA, essential for Reverse transcriptase enzyme to synthesize and amplify complementary
DNA (cDNA) genome sequence. RT activity creates cDNA from sample RNA template,
providing start point for TAQ polymerase expansion. The polymerase chain reaction is a
three steps process performed at specific required temperatures: Denaturation, Anneal and
Elongation. Denaturation, first step, is required to expose genome of interest by increasing
temperature to 94°C. Strands obtained anneal with Primers at 57°C, leading to the last step
carried out by TAQ. TAQ polymerase work efficiently at 72°C, expand genome in at least

40 cycles in order to obtain enough amount of genetical compounds [31]. This amplification
depends on the concentration and amount of initial RNA, factor that can affect the test result.
Reasons for false negative rRT-PCR could be improper extraction of nucleic acid from
clinical materials or insufficient molecular material for detection [32]. After performing the
test, it can take from 24 to 72 hours to quantify and obtain the results, although they could be
obtained faster in case of some clinical emergency like SARS.

In emergencies like these, the Emergency Use Authorization (EUA) allows the Food

and Drug Administration (FDA) to make decisions about which medical products to use
without waiting for any approval. The FDA has allowed companies to use medical products
that are not approved to diagnose, treat, or prevent disease, when alternatives are not
available or approved. They continue to approve test to detect SARS-CoV-2 and to date

has approve forty-three molecular tests. One of the tests they approved is the ID NOW
COVID-19 of the Abbott Company. In the emergency with Covid-19, the FDA has approved
other PCR tests such as the STANDARD M nCoV Real-Time Detection kit and U-TOP
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COVID-19 Detection Kit. These detect nucleic acids from SARS-CoV-2 in oropharyngeal
and nasopharyngeal swab specimens [33]. Abbott, et al. [34] received FDA authorization,
due to this emergency, to use the ID NOW COVID-19 test only for the detection of nucleic
acid from SARS-CoV-2, not for any other pathogens or viruses [34]. This statement will
only last as long as circumstances may warrant authorization. This allows the results to

be obtained faster, giving positive results in 5 minutes and negative results in 13 minutes
after performing the test. This is possible, since having a small size allows testing in
non-traditional places and obtaining the results faster.

Unlike this and the most common tests, the Aries SARS-CoV-2 Assay has the capacity

to produce from 300 to 1,500 copies of each SARS-CoV-2 gene target, allowing results

to be obtained in less time. ARIES Extraction Cassettes contain lysis and extraction
reagents, which can extract nucleic acid, break cells, and remove inhibitors, something

the aforementioned test cannot perform. The process of this test, sews in a short time
thermal cycle. The first cycle consists of preheating to a temperature of 50 ° C for 7
minutes. The temperature is then increased to 95 ° C for 2 minutes for activation. Finally,
the cycling process is carried out consisting of 45 cycles at a temperature of 95°C for

15 seconds and 60°C for 30 seconds [35]. At the end of the cycle, the test result can be
obtained in approximately 10 minutes. When comparing both tests, two common factors

can be observed: the ability to obtain the results faster due to knew mechanisms and their
portability. These machines are accessible to be taken to unusual places where SARS-CoV-2
tests are required. However, it remains to be determined if their sensitivity and specificity are
as good as the regular RT-PCR test.

Antibody Tests

Unlike molecular tests (RT-PCR), serological tests detect COVID-19 infection by the
presence of antibodies in the blood by the “Enzyme Immunosorbent Assay” (ELISA).

The current ELISA technique is qualitative and allows detecting the presence of antibodies
against an immobilized (SARS-CoV-2) antigen, through the use secondary antibodies. This
test is useful for detecting a previous or active infection by the body’s immune response to
the virus. The presence of viral proteins triggers the production of Immunoglobulin (1g) M
type antibodies at the beginning of the infection, about 6 days after the symptoms begin,
followed by production of IgG, at the end of the infection and thereafter IgM disappear

at the end of the infection while 1gG start to be produced and remain high thereafter
indicating immunity against SARSCoV?2 (Figure 2). The presence of these antibodies begins
approximately one week after the incubation period (2-14 days). The IgM test detects
individuals responding to virus who are asymptomatic or with symptoms while the 1gG test
detect individuals that have recovered from COVID19 disease with or without symptoms.
Immune individuals can donate plasma containing IgG antibodies to be used in the treatment
of COVID-19 patients, called by the FDA as convalescent plasma. This plasma is used in
the elaboration of a biological product called hyperimmune globulin that provides passive
immunity against this virus. However, it is important to consider the fact that as yet,

there are no studies indicating whether the use of these antibodies, are protective against
reinfection. In most viral infections, the antibodies are protective against the specific virus
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that causes the disease. What is unknown if this SARSCoV2 does not change its antigens to
respond to the original antibodies produced by infected patients.

The current antibody tests available in the market for SARS COV?2 are five and

provide results within 10 to 15 minutes. Two of these tests use the colloidal gold
immunochromatography technique (rapid POC kit and VivaDiag COVID-19 IgG-1gM

test), two others use the lateral flow immunoassay (COVID-19 IgM-IgG rapid test and
COVID-19 rapid test cassette) and the last one uses the temporal resolution fluorescence
immunoassay technique (GT-100 SARS-CoV-2 1gG/IgM kit). Although these are from
different manufacturers and differ in the type of technique used, they are similar in that they
mark the same types of antibodies (IgG/IgM). These tests are useful to preliminarily and
quickly diagnose SARS-CoV-2 infection in an individual, due to its simplicity of procedure
and equipment. Which unlike ELISAs, these are more practical and cost-effective for an
emergency. However, their sensitivity and specificity are lower than the regular ELISAs and
results must be confirmed by other tests.

Coronavirus and Macrophages

Macrophages: the main drivers of SARS-Cov pathogenesis?—Macrophages are
one of the main phagocytic and antigen-presenting cells (APC) in the body that participate
in the innate immunity and tissue homeostasis in response to different pathogenic stimuli
[36]. Macrophages are present in most tissues -bone marrow, brain, liver, skin, gut,
placenta, lung, heart, spleen, lymph nodes, etc- where they perform different functions
[37,38]. After SARS-CoV-2 infection, ACE2-expressing cells in the lungs, liver and
stomach could induce the migration of macrophages by releasing the macrophage migration
inhibitory factor (MIF), a pro-inflammatory cytokine that binds to CD74 surface receptor on
macrophages [39]. In SARS-CoV-1-infected mice, increased secretion of pro-inflammatory
chemokines and cytokines correlate with the migration of macrophages to the lungs by

day 2 post-infection [40]. Macrophages do not express ACE2, but the SARS-CoV-1 spike
(S) antigen and the anti-S IgG antibody complexes can mediate entry of the virus through
Fc-11 receptors, a process known as antibody-dependent enhancement (ADE [18,41,42].
Since macrophages lack the ACE2 receptor, they do not get productively infected with
SARS-CoV-1 [43]. Upon entry into macrophages by ADE, SARS-CoV-1 impairs the
IFN-B response by suppressing the TRIM25-mediated and RIG-1 ubiquitination [44].

The coronavirus nonstructural protein (NSP) 15 evades intracellular dSRNA sensors and
inhibits apoptosis of macrophages [45]. SARS-CoV-1 viroporin 3a activates the NLRP3
inflammasome leading to the release of IL-1B [46]. Release of IL-1B has the potential

to induce pyroptosis [47]. Analysis of post-mortem tissues of SARS-CoV-2 patients has
shown increased CD169+ macrophages in the marginal zones of the spleen and lymph
nodes accompanied by lymphocyte apoptosis [48]. It is also known that SARS-CoV spike
protein induces TNF-a and 1L-16 release in macrophages by activation of NF-kB [48,49].
Increased NF-kB signaling was also observed in transcriptome analyses in lungs of patients
with comorbidities associated to severe COVID-19 disease [50]. These studies suggest that
macrophages could be the main driver of inflammation and lymphopenia associated to
COVID-19 disease.
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Increased inflammation could lead to the development of Acute Respiratory Distress
Syndrome (ARDS) [51]. Monocyte-derived macrophages play an important role in

this mechanism since previous studies in patients with ARDS demonstrated that
inflammatory monocyte-derived FCN1+ macrophages, and not the alveolar macrophages,
were predominant in the bronchoalveolar lavage fluid [52]. In addition, a recent study
showed that COVID-19 patients with severe respiratory failure had macrophage activation
syndrome (MAS) [53], a pathology seen in systemic inflammatory diseases that could
lead to hyperferritinemia, pancytopenia, fibrinolytic coagulopathy, and liver dysfunction
[54]. Also, autopsies revealed that among pathological changes in the lungs, there was
increased infiltration of monocytes and macrophages containing inclusion bodies and SARS-
CoV-2 antigen (National Health Commission of the People’s Republic of China, 2020)
[55]. These changes were also observed in the spleen, where macrophage hyperplasia

and phagocytosis were observed. Increased macrophage infiltration was also observed

in the heart of SARS-CoV-1 infected patients [56]. A recent study determined that the
accumulation of macrophages and complement C5b-9 deposition in the tubules of Kidneys
play a role in the renal damage associated to SARS-CoV-2 [48]. Complement deposition
could be contributing to the inflammatory process of SARS-CoV-2 infection through the
activation of macrophages, and represents a potential target for treatment [57]. In an early
clinical study, treatment with a compstatin-based complement C3 inhibitor, AMY-101,
was safe and successful on a severely COVID-19 patient with ARDS [58]. Altogether,
these studies suggest that macrophages play an essential role in the pathogenesis of
SARS-CoV. Therefore, therapeutic interventions that target the altered immune responses
of macrophages are urgently needed.

Potential Treatments: In March 28, 2020, the FDA issued an emergency-use
authorization for chloroquine phosphate and hydroxychloroquine sulfate for the treatment
of COVID-19 disease [59]. In April 29, 2020, the National Institutes of Health (NIH)
announced that the first clinical trial initiated in the United States using remdesivir for
treatment against COVID-19 disease (NCT04280705) [60] obtained promising results [61].
In summary, it showed that those patients that received remdesivir, a broad-spectrum
antiviral, had a 31% faster time to recovery, with a median of 11 days to recovery versus
15 days of those that received placebo. The mortality rate in those that received remdesivir
was 8.0% compared to 11.6% in the placebo group. Therefore, it is expected that the FDA
issues an emergency-use authorization for remdesivir against COVID-19 disease. Currently,
there are hundreds of clinical trials related to COVID-19 in ClinicalTrials.gov. Among
them, tens of studies are testing FDA-approved drugs in phase 4 of clinical trials. The
FDA-approved drugs that are being tested in different experimental interventions related to
COVID-19 in phase 4 of clinical trials are listed in Table 1: In these studies, the use of
antivirals, immunomodulators, antihypertensive, anti-inflammatory, and antibiotics are the
most common.
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Figure2:

Once the patient gets infected with SARSCoV-2, viral replication in susceptible cells of the
respiratory track increases and may remain active until 28 days of infections in symptomatic
or asymptomatic patient (red line). One-week post infection IgM begins to be produced in
response to the virus and remain for 2-3 weeks (blue line). After IgM declines, 1gG begins
to be produced and remain positive thereafter (green line).

Virol Immunol J. Author manuscript; available in PMC 2021 September 03.
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